Antibiotics have been a cornerstone of innovation in the fields of public health, agriculture, and medicine. However, recent studies have shed new light on the collateral damage they impart on the indigenous host-associated communities. These drugs have been found to alter the taxonomic, genomic, and functional capacity of the human gut microbiota, with effects that are rapid and sometimes persistent. Broad-spectrum antibiotics reduce bacterial diversity while expanding and collapsing membership of specific indigenous taxa. Furthermore, antibiotic treatment selects for resistant bacteria, increases opportunities for horizontal gene transfer, and enables intrusion of pathogenic organisms through depletion of occupied natural niches, with profound implications for the emergence of resistance. Because these pervasive alterations can be viewed as an uncoupling of mutualistic hostmicrobe relationships, it is valuable to reconsider antimicrobial therapies in the context of an ecological framework. Understanding the biology of competitive exclusion, interspecies protection, and gene flow of adaptive functions in the gut environment may inform the design of new strategies that treat infections while preserving the ecology of our beneficial constituents.
The effects of antibiotics on the indigenous microbes of the gut have been the subject of extensive study ever since the discovery of these drugs in the 1940s and their subsequent commercial production. Yet nearly all of this work has concerned the effects of individual antibiotics on individual, cultivated strains of bacteria in the laboratory, or on specific species of bacteria cultivated from antibiotic-exposed hosts. Additionally, most of these studies have employed relatively high concentrations of these drugs in comparison to their typical concentrations in naturally occurring microbial communities and focused on pathogenic bacterial species. As a result, much of our understanding about the effects of antibiotics is skewed toward mechanisms of killing and specific resistance genotypes and phenotypes in the context of a narrow subset of the gut microbiota in isolation from the rest of the community.
Over the past decade or so, the study of antibiotics and the gut microbiota has taken a decidedly more ecological and system-wide perspective. Ecological principles and molecular approaches are now prominently featured in research laboratories and in the clinical workplace. As the microbial community and its local ecosystem have become a unit of study, we review here recent work that examines the effects of antibiotics on the human gut bacterial community, highlighting the implications for lateral transfer of resistance genes.
Antibiotics: an ecological perspective
Antibiotic resistance genes are ubiquitous in present day natural environments. In part, this reflects the widespread human use of large quantities of antibiotics over the past 70 years and the strong selective pressures this use has exerted, including the dissemination of resistant organisms. However, the resistance genes themselves are ancient. DNA sequences predicted to encode β-lactamases, the tetracycline resistance determinant TetM, and vancomycin resistance proteins have been recovered from 30,000-year-old permafrost sediment in northern British Columbia (1) . Although these sequences are related to those of presentday resistance genes, they were significantly divergent. But in at least one case (the VanA ligase), the gene expressed a protein with the expected function. Bacterial isolates that have been recovered from ancient, protected sites, including one site that was allegedly isolated for more than 4 million years (2) , have been shown to express multi-drug resistance. The presence of these genes well before modern use of the related antibiotics by humans strongly suggests that these antibiotics were widely distributed in the environment and that resistance genes have been circulating for at least thousands of years. Modern use of high doses of antibiotics enriches for resistance genes and, from a host ecological perspective, may lead to an uncoupling of mutualistic relationships that have evolved over long periods of time among gut microbiota and the human host (3, 4) .
Low concentrations of antibiotics at levels believed to be present in natural environments such as soil elicit nonlethal responses that lead to altered physiology and behavior (5-7); thus, antibiotics and a wide variety of small molecules that display growthinhibitory properties at high concentrations may have evolved long ago to serve as interspecies signaling molecules. These molecules mediate species-species interactions that shape the structure of and confer stability to naturally occurring microbial communities. The diversity and number of small molecules and potential antibiotics produced by gut commensal bacteria are almost certainly far greater than previously recognized. "Genome-mining" approaches have revealed a number of novel, potent small molecules from both environmental and commensal bacteria, including some new peptidyl nucleoside antibiotics (8, 9) . With the development Antibiotics have been a cornerstone of innovation in the fields of public health, agriculture, and medicine. However, recent studies have shed new light on the collateral damage they impart on the indigenous host-associated communities. These drugs have been found to alter the taxonomic, genomic, and functional capacity of the human gut microbiota, with effects that are rapid and sometimes persistent. Broad-spectrum antibiotics reduce bacterial diversity while expanding and collapsing membership of specific indigenous taxa. Furthermore, antibiotic treatment selects for resistant bacteria, increases opportunities for horizontal gene transfer, and enables intrusion of pathogenic organisms through depletion of occupied natural niches, with profound implications for the emergence of resistance. Because these pervasive alterations can be viewed as an uncoupling of mutualistic host-microbe relationships, it is valuable to reconsider antimicrobial therapies in the context of an ecological framework. Understanding the biology of competitive exclusion, interspecies protection, and gene flow of adaptive functions in the gut environment may inform the design of new strategies that treat infections while preserving the ecology of our beneficial constituents.
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subjects, suggesting the importance of functional redundancy within the microbiota (22) . A second identical ciprofloxacin exposure six months after the first caused similar acute effects but was associated with less complete recovery in some cases (23) . As ecologists have noted in other ecosystems, compounded (e.g., antibiotic) disturbances can lead to "ecological surprises" (24) .
Efforts to explore the effect of antibiotics on other microbiotaassociated host phenotypes are underway. Cho et al. have shown that early-life exposure of mice to subtherapeutic doses of antibiotics, in addition to altering the composition of the intestinal microbiota, also increased total and relative body fat mass, bone density, and intestinal microbiota production of short-chain fatty acids and altered hepatic fatty acid metabolism (25) . Whether and to what degree these effects occur in children, and the degree to which these effects are dependent on other microbial, host, and environmental factors remains to be seen.
The antibiotic resistance reservoir of the microbiome
The pervasive effects of antibiotics on the population structure in the gut are paralleled by their alteration of the genomic capacity of gut microbial communities. Treatment of bacterial populations with antibiotics in the laboratory selects and enriches for resistant strains and species (26, 27) , and studies of antibiotics and resistance in vivo, while still nascent, have yielded similar findings ( Figure 1 ). In the Jakobsson study, patients treated with a clarithromycin-containing combination antibiotic regimen for H. pylori-associated peptic ulcers exhibited 1,000-fold increases in the ermB resistance gene, which encodes the macrolide targetmodifying RNA methylase, immediately following their course of treatment. Although subjects did not receive additional antibiotics throughout the course of the study, their gut microbiota continued to harbor comparable levels of the resistance genes four years later (20) . Subtherapeutic doses also appear to result in the enrichment of resistance genes. The use of ASP40 growth-enhancing antibiotics (a cocktail of chlortetracycline, sulfamethazine, and penicillin) in swine feed produced significant increases in abundance and diversity of multiple resistance genes after only three days of exposure. Genes conferring resistance to classes of drugs that were not present in the feed source, such as aminoglycoside resistance genes, were also enriched, providing evidence for the role of antibiotics in promoting resistance to unrelated classes of drugs in commensal microbes (28) .
The development of antibiotic resistance in the gut microbiota has been most commonly studied using genomic and metagenomic approaches or alternatively by tracking the phenotypes of particular species (29, 30) . As of yet, the dynamics of the evolution of resistance at the community level remain unclear, as do the mechanisms that sustain the microbiota in the face of antibiotic stress. Identifying the source of this resistance is central to understanding the emergence of resistance. Resistance can arise spontaneously due to the mutability of bacterial genomes (31), or it can emerge from the transfer of genetic material from one cell to another (Figures 1 And 2). As a further example of the intrinsic and natural role of drug resistance in microbial ecosystems (1, 32) , the human microbiome has recently been found to serve as an impressive reservoir of antibiotic resistance genes. Coloni-of exploratory bioinformatics tools and expression screening techniques, previously studied strains have yielded new antibacterial molecules of substantial interest (10, 11) ; prior screening efforts failed to identify these molecules, in large part because they were not expressed under routine laboratory growth conditions (12) .
Microbial community-wide effects of antibiotics
For several decades, a variety of studies have been conducted in order to characterize the effect of antibiotics on specific strains and species, and the emergence of drug resistance, within the gut bacterial communities. In recent years, efforts have begun to turn to the effects of antibiotics on the overall taxonomic composition of the fecal microbiota, and on the abundance and diversity of antibiotic resistance genes. Still relatively ignored are the effects on clinically relevant, community-wide properties of the gut microbiota and on host response. However, one of the earliest described features of the effect of antibiotics on the gut was the loss of colonization resistance (i.e., the loss of "competitive exclusion," refs. 13, 14) . The loss was manifested by the much greater ease of colonization and disease caused by Salmonella immediately following antibiotic treatment. Both resource competition and direct interference competition play roles in the resistance of the intact microbiota to colonization by pathogens. Indirect factors include the induction of multiple innate immune response pathways and effector molecules (15) . Antibiotics disrupt community structure sufficiently to cause large-scale disturbances in resources and species-species interactions. Recent work in mice suggests that antibiotics lead to an increase in the abundance of host-derived free sialic acid in the gut, which can then be utilized by opportunistic pathogens such as Salmonella typhimurium and Clostridium difficile to enhance their growth (16) .
In general, studies of the effects of antibiotics on gut community taxonomic composition have found diminished levels of bacterial diversity, stereotypic declines and expansions in the relative abundances of certain taxa, some degree of recovery in most individuals but persistent effects in others, and antibiotic-and individual host-specific effects. Antibiotics with strong and broad activity against anaerobes, for example clindamycin, have typically caused the longest-lasting effects on gut community composition (17) (18) (19) . Jakobsson studied the impact of seven days of clarithromycin, metronidazole, and omeprazole on the pharyngeal and fecal taxonomic composition, and found broad taxonomic compositional effects with rapid but only partial recovery in some cases and persistent effects at least four years after exposure (20) .
Ciprofloxacin, which has relatively little activity against standard cultivated anaerobes, has profound effects on the gut microbiota composition. Dethlefsen et al. found that five days of ciprofloxacin influenced the abundance of about a third of the bacterial taxa in the gut and decreased taxonomic richness within days of initial exposure (21) . Some responses among the human subjects were conserved (such as abrupt decreases in bacterial diversity and depletion of many of the Ruminococcaceae), while others were individualized (such as the degree or timing of community composition recovery following each of the ciprofloxacin exposures). Nearly complete recovery was seen in most cases by four weeks after exposure, although some compositional effects lasted for six months. There were no symptoms or signs in these jci.org Figure 2 ). Intercellular movement of DNA is further facilitated by its intracellular mobilization, such as by transposons and mobile integrons. These elements can translocate to plasmids and integrating conjugative elements, facilitating their accessibility in the collective bacterial metagenome. Mobilized traits offer bacteria the capacity for niche expansion and functional diversification by enabling the sampling of innovations perfected by coexisting microbes (39) . Because of the intrinsic evolvability and mechanisms for replication of horizontally acquired genetic material, such material can constitute up to 15% to 20% of prokaryotic genomes (40) . Recent work has indicated that gene transfer is common in the gut. A broad assessment of lateral gene transfer events between bacteria from a multitude of environments showed that human-associated bacteria are 25 times more likely to exchange genetic material than bacteria from other environments, and that closely related human-associated bacteria exhibit horizontal gene transfer (HGT) in 20% to 40% of all pairwise bacterial comparisons (41) . This expansive and highly connected network for gene exchange may be a consequence of the unique circumstances of microbial inhabitation of the gut. While particular species have evolved specialized functions in the intestinal ecosystem, microbiota share similar goals in their mutualistic relationships with their hosts and are subject to the same selective pressures that constrain viability in the human gut. For example, mechanical forces in the gastrointestinal tract and turnover of mucosal epithelial cells threaten displacement, requiring that bacteria associate with the intestinal mucosa and mucus or engage in other physical interactions. Because the human immune system responds to microbial cues and regulates community composition, bacterial subversion and cooperation are not uncommon as means for maintaining homeostatic conditions for occupancy (42) . The potential fragility of the population structure in the face zation of the intestine by resistant bacteria can occur within three days of birth (33); additionally, resistance phenotypes have been documented in remote human communities with limited exposure to antibiotics (34) .
Once present in the community, selective pressures and opportunities to mitigate the costs of antibiotic resistance (35) likely contribute to its maintenance by the ecosystem. A study that described culturable microbes from over 600 individuals revealed that the majority of these individuals harbored gut communities in which at least 10% of members were resistant to a single antibiotic, and over a third carried microbes that exhibited multidrug resistance phenotypes (36) . These subjects came from rural, urban, and hospital environments, and although resistance to certain drugs was detected at higher frequency in the hospitalized group, resistance to most antibiotics was present at similar levels in all cohorts. In a separate study, fecal bacterial populations from two individuals were studied using culture-independent and culturedependent approaches (37) . At least 20% of isolates cultivated from each individual were resistant to 10 different drugs, comprising a range of antibiotic classes and bacteriostatic and bactericidal drugs. Genomic inserts captured from total community DNA further revealed an expansive repertoire of coding sequences providing resistance functions in the human microbiome. Because the majority of host-associated bacteria are recalcitrant to current culture techniques, this metagenomic perspective provides a less biased assessment of the prevalence of resistance genes across the breadth of the intestinal microbial community.
Horizontal gene transfer in the gut environment
The reservoir of antibiotic resistance determinants in the microbiome presents an available cache of genetic information for rapid innovation by members of the gut community using mechanisms of gene exchange. Bacteria are capable of transferring genetic information to one another using the horizontal routes were consistent over the year-long period of investigation (48) . This stability intimated lysogeny, and in corroboration most of the phages identified were temperate and integrase genes were abundantly annotated in viral metagenomes. Clustered regularly interspaced short palindromic repeat (CRISPR) elements identified in the microbial community, hallmarks of phage resistance, did not match corresponding individuals' viral sequences, suggesting that the gut environment utilizes phage as vehicles for HGT rather than as predatory agents. Despite our current knowledge regarding routes for HGT in the gut environment, it is unclear which members of the community are actively participating in these various mechanisms. For example, the normal human microbiota includes naturally transformable bacterial species (49, 50) , but many of these are low-abundance pathogens and their role in contributing to the exchange of information in this environment is not well understood. Furthermore, microbiome annotations of two individuals sampled as part of the MetaHit consortium showed that several conjugative protein orthologs were in the top 80th percentile of represented protein families, yet over 50% of these sequences were harbored by species of low representation (51).
The mobility of antibiotic resistance genes encoded in the microbiome
Because of their acute fitness advantage in a range of environments, antibiotic resistance genes are frequently encoded on mobile elements. With an estimated 1% to 3% of the developed world undergoing antibiotic treatment on a daily basis (3), the dynamic environment of the human intestine benefits (and may suffer in some cases) from metagenome accessibility of these genes on conjugative elements, viral particles, and plasmids (46, (52) (53) (54) . Interestingly, in a study of genomic variation in over 200 individuals, conjugative elements with resistance functions were found to have the highest SNP density of all annotatable genes (55) . Accordingly, in addition to introducing new genes, HGT can also be a source of variability at those loci, highlighting the evolutionary plasticity associated with mechanisms of gene transfer (56) .
Mobility of resistance is compounded by the tendency of antibiotics to facilitate transfer of genetic information ( Figure  1) . DNA synthesis-inhibiting antibiotics have been shown to induce interspecies exchange of integrating conjugative elements encoding multidrug resistance (57) . In vivo experiments have demonstrated increased conjugation between the gut species Enterococcus faecalis and Listeria monocytogenes in mice administered tetracycline in their drinking water (58) . Antibiotic treatment is known to enhance phage mobility through activation of the bacterial DNA-damage response, which has crosstalk with phage regulation (59) , and recent work has shown that antibiotic treatment in vivo increases the connectivity of phagebacterial networks, thus potentiating microbial access to the phage metagenome (60) .
Intestinal microbes are important to their hosts in part due to their role in community-mediated exclusion of pathogenic bacteria. As mentioned earlier, commensals prevent pathogen invasion by outcompeting virulent microbes for space and nutrients (3) and by inducing host defenses of the colonic epithelium of perturbation (21, 23, 43) suggests that functional redundancy among community members is an important feature of their coevolved relationship with the host.
As these physical and functional forces may promote information sharing through HGT, the accessibility of conduits for gene flow further suggests a mechanistic basis for the abundance of HGT in the gut. The intestinal ecosystem boasts the highest density of microbes of all known environments, with 10 11 -10 12 cells per gram of gastrointestinal content (44) ; opportunities for HGT by conjugation are afforded by the intimate proximity of microorganisms. In addition to their role in forming intercellular mating bridges, bacterial pili promote cell adhesion, aiding in colonization of the gastrointestinal tract. Dual functionality of this cellular apparatus may influence chances for conjugation in this setting. Host immune system activity can also increase opportunities for mating events between similar species by affecting population blooms (45) . A metagenomic study of microbiota from Japanese individuals provided support for these conjugationconducive features, revealing that a conjugative transposon family (Tn1549-like CTns) was highly prevalent across individuals and abundant within individual metagenomes, accounting for almost 1% of all predicted genes (46) .
Phage, another means for gene transfer, can have a profound influence on the lifestyles of environmental microbes (47), and early analyses of viral interactions in the gut show that phages may similarly affect the indigenous microbiota. A metagenomic analysis of viruses from twin pairs and their mothers revealed that individuals harbored vastly different viral populations, but intrapersonal variability of virotypes was low, and phage populations 
Unanswered questions
The complexity of the disturbances arising from antibiotic treatment highlights the importance for developing augmented or alternative antimicrobial therapies that minimize consequences to the microbiome. Antibiotic-induced functional and phylogenetic alterations reveal the interdependence of gut microbiota in maintaining colonization of the intestinal space and its contribution to host function. This appreciation for gut-associated bacteria as a connected community in communication with its environment offers an ecosystem framework with which to devise new lines of inquiry regarding therapeutic modulation of the gut environment.
Although the microbiome represents a permeable network for gene flow, it remains unclear how other inter-organism interactions are utilized to mediate protection in the face of antibiotic perturbation. Microbiotas may recruit other ecosystem members to regain their homeostatic composition, such as phages and the host immune system; furthermore, some species may protect others from antibiotic stress, such as through cell signaling and heterogeneously organized biofilms (67, 68) . Bacteria have been shown to exhibit cooperative mechanisms of resistance when confronted with antibiotic treatment in vitro (26) . Host-microbiota mutualism may promote altruistic sharing of public goods that directly benefit individual species in order to maintain the community architecture that sustains the population as a whole. Understanding the extent to which these mechanisms occur in the gut environment may inform strategies to preemptively induce resilience of the gut community and preserve its function during perturbation.
While inter-organism interactions may contribute to the robustness of the gut environment, the population structure creates a foundation for stability, and specific features of this structure likely buffer against community disturbances. What is the basis for competitive exclusion of foreign bacteria from the gut environment, and what specific alterations to the composition enable pathogenic intrusion? As mentioned above, recent work suggests that increased nutrient availability in the absence of certain scavenging commensals depleted by antibiotic treatment contributes to pathogenic proliferation (16) . The pursuit of investigations along these lines might enable the informed design of biologically inspired therapeutics, such as consortia-based solutions. Multi-organism cocktails may potentially rebalance the community more effectively than antibiotics, while reducing adverse consequences to the intestinal ecosystem and opportunities for resistance. In addition to treating infections, community-based therapeutics might also be used to reboot dysbiotic ecosystems; however, one of the challenges with restoration ecology is that exogenously delivered communities are not always maintained and effects can be transient (69) . A modification of synthetic communities to exploit the selfish nature of genes with HGT, such as loading constituents to encode conjugative-based elements or broad host range plasmids, may allow imparted functions to endure beyond elimination of the delivered community. Phagebased therapeutics might also be used to distribute functions to the microbiome, perhaps engineered to carry genes that aid in recolonization of the gut environment or genes that encode functions depleted due to sustained ecosystem damage.
As antibiotics are currently our main line of defense against bacterial infections, it will be important to take advantage of insights from the emergence of resistance in vivo to innovate strat-to actively protect against infections of the intestine (61, 62) . Antibiotic-mediated disruption of the highly organized population structure of the gut environment can reduce these defenses and open new niches for occupation ( Figure 1 ). Exacerbated by the increased availability and mobility of resistance genes resulting from antibiotic treatment, co-localization of pathogenic and commensal communities offers opportunities for the transfer of resistance to virulent species.
Pathogen accessibility of the human microbiome is exemplified by the USA300 community-acquired strain of methicillinresistant Staphylococcus aureus (MRSA), which obtained a gene cluster from the skin commensal Staphylococcus epidermis that provides functionality for improved colonization of host sites (63) . Additionally, substantial evidence exists for the movement of contextually relevant genetic information between biomes. In one example, specialized polysaccharide degradation genes from marine bacteria were identified in microbiota of Japanese individuals, likely as a consequence of bacterial interactions facilitated by seaweed consumption by humans over hundreds of years (64) . Also of note, functional metagenomic screening provided evidence for the exchange of genes conferring protection to multiple classes of antibiotics, between soil bacteria and common human pathogens (65) . On a macroscopic level, transfer of antibiotic resistance genes across environmental boundaries takes place more frequently than within a given environment (41) , illustrating the facile movement of adaptive functions between ecologically diverse bacteria. However, the transfer of resistant genes between microbiota and pathogen gene pools has not yet been definitively confirmed. Culture-independent investigation of the reservoir of resistance genes in the human microbiome revealed that functional sequences exhibited low homology to resistance genes of known pathogens (37) . Accordingly, uncharacterized barriers may hinder resistance transfer between commensal and pathogenic communities and promote compartmentalization of the resistome.
Although antibiotic treatment poses significant implications for the dissemination of resistance genes, much has yet to be discerned about the mechanisms that govern gene flow in in vivo environments and the functional context in which this information transfer occurs. For example, HGT induced by antibiotic treatment may improve the capacity of microbiota to endure stress perturbation and maintain its contribution to host function as a consequence of increased connectivity of the microbiome. Carbohydrate-active enzymes, which promote bacterial survival in the gut environment and provide energy to the host, are transferred extensively across diverse phylogenies of commensal bacteria, and it is surmised that horizontal dispersal of these genes enables convergent community function to endure shared challenges faced in the dynamic gut ecosystem (66) . Antibiotic treatment of mice has been shown to result in the enrichment of phageencoded carbohydrate-active enzymes, raising the possibility that genomic reservoirs augmented by increased gene transfer, such as the phage metagenome, may serve to buffer the gut environment during stress by allowing bacteria to store and access functional elements that aid in niche recolonization (60) . Given the complex and co-evolved relationship of the host and its associated communities, HGT in the human gut may drive innovation and evolution of functions benefiting the host. jci.org Volume 124 Number 10 October 2014 R e v i e w s e R i e s : g u t m i c R o b i o m e egies to curb the spread of this resistance. Bacteria in the gut environment contribute to a microbiome that is highly accessible and replete with resistance functions readily able to transcend ecological boundaries. This is further complicated by the long-term persistence of resistance carriage and the propensity for diverse resistance elements to be co-mobilized, raising important implications for the unchecked evolution of cross-resistance. However, it remains unclear what governs the dissemination of resistance into clinical environments and whether specific features exist to sequester the resistome from pathogen access. The flow of this information has unfavorable consequences for the gut community, as resistant pathogens serve as more venerable adversaries in competing for inhabitation of the host. An identification and understanding of evolutionarily advantageous, context-specific regulation of HGT might help to constrain the transmission of potent genetic information and mitigate deleterious consequences for the human host. Because the microbiota uses HGT to preserve functional capacity following stress perturbation, it will be equally important to better understand how beneficial gene flow occurs such that it can be maintained and promoted. As we continue to elucidate the resounding impact of environmental disturbances on the gut microbiome, efforts to preserve the ecology of native commensal and mutualistic community members will be critical to human health and the evolution of improved relationships with our microbial companions.
